Digital moiré patterns are an effect seen in digital pictures when a high contrast periodic object being imaged interferes with the periodic image detector in the camera. This is often an undesired effect, which is usually removed through various filtering processes. However in this work we demonstrate the ability to use a deliberately created Moiré pattern to measure the physical distance of an object from a web-camera with a resolution of 131 m. This measurement principle is then adapted to measure weight as a ubiquitous scale with a resolution of 240 g.
Introduction:
Modern consumer electronic devices constitute a pervasive infrastructure capable of different functions, from those that they are originally conceived for. They are sophisticated equipment, but at the same time familiar to users and designed to be operated by the general consumer. Additionally, there is an autonomous and continuous improvement of their capabilities and a frequent renewal by newer models. All these characteristics make certain consumer electronic devices attractive as platforms for distributed chemical sensing or diagnostic uses. One instrumentation strategy is to co-opt the optical capabilities of devices such as flat bed scanners [i,ii] , CD players [iii,iv] , radio frequency identification (RFID) tags [v] , computer screens operating as light sources in combination with web cameras as detectors (computer screen photo assisted technique, CSPT [vi, vii, viii] ) and mobile phones [ix] , and turn them into chemical sensing terminals by adding a (disposable) sensing element.
CSPT in particular has been demonstrated as a versatile method supporting multiple detection principles including excitation emission matrix fingerprinting [x] , ellipsometry [xi] and surface plasmon resonance (SPR) [xii] . The use of optical microstructures for spectral fingerprinting [xiii,xiv] has shown the generation of red, green and blue interference patterns, which have been exploited for the acquisition of Bayer [xv] images that avoid the use of device specific drivers to prevent demosaicing [xiv, xvi] . A missing demonstration of CSPT is its extension to physical measures. Within the tenets of the ubiquitous instrumentation concept, we aim at demonstrating a scale for CSPT by adding a passive sensing element and using the inherent capabilities of the platform to do the rest.
Moiré interferometry is a well-established and widespread technology in strain measurement [xvii, xviii, xix] . Examples of applications include pressure, displacement, thickness, thermal deformation and position measurements [xx, xxi, xxii, xxiii, xxiv, xxv] . In these applications the camera and setup are selected around the target experiment, without any intention of making the systems ubiquitous or able to operate on generic platforms. On the other hand, a technique such as CSPT scavenges the remnant capabilities of familiar devices making it possible to perform diverse experiments while coexisting on the same platform.
In this work we demonstrate, model, and characterize the generation of colour Moiré patterns using regular web cameras for the accurate monitoring of displacement and its application as a ubiquitous scale.
Materials and Methods:
As defined in [xxvi] the moiré effect seen in digital photography is a result of spatial interference. When imaging a high contrast periodic object with a digital camera, like the Cr mask of figure 1 (b), spatial interference occurs between this pattern and the also periodic image detector array with its Bayer filter. In our setup this effect is taken advantage of in order to monitor the distance between the camera and a periodic pattern. By then introducing a spring in the support structure of the periodic pattern it is possible to transduce displacement into a weight measurement. and R9 are red channel pixels. G2, G4, G6 and G8 are green channel pixels and B5 is a blue channel pixel. For coloured version please refer to the online paper. d) Setup showing the PDMS support structure and spring used to measure weight displacement via moiré pattern evaluation via the web-camera. A computer screen was then mounted above the setup to provide the stable illuminating source (not pictured here).
Figure 1 (a), displays a Logitech Quickcam Pro and a micro-patterned glass substrate in an arrangement that produces intense moiré patterns in the acquired images. Illumination was provided by a Philips 170/s2 LCD screen operating in normal conditions of intensity and contrast and at 1280×1024 pixels 32 bits colour resolution at a standard refresh frequency of 60 Hz, displaying a blank white area, giving a low intensity, easily controlled, light source. This source was a convenient choice for controlled lab conditions, but this technique operates under ambient light conditions as well.
The micro-patterned Cr mask ( fig. 1 (b) ) was created by using a Menzel-Glaser microscope glass slide, first coated in 150 nm of Cr and then spun coated with a layer of S1818 photoresist. After exposing this to patterned UV light, using photolithographic procedures [xxvii] , a pattern in the S1818 was developed and the Cr surface was chemically etched leaving a patterned Cr film on top of a transparent substrate. This periodic pattern of holes masks the backside illumination and produce 100 m wide, 70 m spaced, hexagonal light spots ( fig. 1(b) ).
The image detector used in this work is a Logitech Quickcam Pro with a VGA (640 x 480 pixels) CCD detector with 24 bits colour resolution. Figure 1 (c) shows the CCD of the Logitech camera. Each pixel is 6.25 x 6.25 m in size and is coated by a colour filter. These filters are red, green or blue and form a checker like pattern ( fig. 1 (c) ), called a Bayer filter.
There are twice as many green as red and blue areas in order to simulate the sensitivity of the human eye. The colour value of each pixel in the final image is then the composed value from the nearest neighbours, a process called demosaicing [xvi] .
For the resolution of the detector with its' particular lens characteristics and the chosen measuring distances a moiré pattern is efficiently created with the mask layout used here. The main aberrations to expect in these systems are vignetting and barrel distortion, which in our case are minimized by using only the central part of the captured image. The target area is just 4 x 4 mm at a distance of over 2 cm, which is why a large zoom percentage is used c.f. next paragraph. For high-end cameras or mobile phone cameras the key variables are the same, the pixel pitch and size and the minimum focal distances, which will determine the most adequate mask layout for a compact arrangement. In our experiments we kept the mask and the imager parallel, which was necessary to produce results that we could explain with the considered model; however, the measuring principle should be robust to parallelism if such alignment is kept for different distances. A model considering a variable pitch should be considered for the generation of each pattern, in such conditions. This camera is a simple consumer web-camera with no functionality for raw image data access. The exact process steps of image acquisition are also not available to the general public. However, digital image capturing must still contain basic steps, which we replicate in our modelling later on. One step in particular, though, has many methods of application i.e. demosaizing [xvi] , where the intensity information from the filtered pixels are constructed into the final digital image. For this work we therefore chose one method that is often used for simple image capturing equipment that also provided us with similar results to the recorded images using the Logitech web-camera.
To accurately infer a position shift from the interference pattern the setup had to be calibrated. Accordingly the mask ( fig. 1 (b) ) was mounted on a Narishige ltd. MM-87 motor-drive manipulator, which enabled the precise displacement of the Z coordinate, where Z is the distance between the camera lens ring and the mask. Starting at 2.5 cm the grid receded from the camera in steps of approx. 90 m up to a distance of 3.5 cm. At each step a picture was taken with the web-camera using the following settings: brightness 40%, contrast 50%, gain 0%, saturation 100%, shutter speed 1/100, white balance set to daylight and the zoom at 220%, resulting in a total of 111 pictures. The camera used in this paper has a manual focus ring, which means that after the grid had been displaced by a certain amount the camera required refocussing. This occurred at three points: Z= 28 mm, 31 mm and at 32.5 mm.
To demonstrate the measurement of weight using this system the motor-driven manipulator was replaced by a Cu wire spring of diameter 0.71 mm. The spring was held in place using two Dow Corning Sylgard 184 PDMS (polydimethylsiloxane) moulded parts. The base PDMS, which was on top of the camera, was moulded to the shape of the focus ring and the top PDMS, which formed a stand for the glass substrate, was circular with a hole in the centre to allow clear viewing of the grid pattern.
The spring was glued between these two parts using PDMS (all PDMS parts were made with a base/curing agent ratio of 10:1). The spring and PDMS were then spray painted black to ensure that only light passing through the Cr patterned glass substrate entered the camera. A transparent plastic container was placed atop the patterned glass substrate and, for stability, was preloaded with 3 mg of water, figure 1 (d). Pictures were then taken with the camera as 100 g of water were added one at a time to a total weight of 5 mg. The camera settings used in these measurements were the same as before except for the shutter speed, which was 1/50 s.
Model:
The following model describes the formation of spatial interference patterns between two periodic structures defined by a periodic array of bright regions (the mask) and a periodic array of colour filters (camera detector), for different scales of the mask patterns associated to the distance between the mask and the camera lens. A model replicating this process of image capturing was created, in Matlab, to simulate and predict observed results. Figure 2 shows the four-step process involved in the simulation of the interference patterns. The first step was the generation of an illuminating pattern equivalent to that of the Cr mask. This was achieved by defining a matrix with ones and zeros, with the ones representing the hexagonal holes of the Cr pattern when light is shining through. The size of the matrix used for one hexagonal pattern was 71 x 65 creating a total matrix size of 2800 x 2960. However for simplicity a single hexagonal hole geometry can be represented by, (1) the coordination and pitch between elements can be defined by
where
and the coordinates of each pillar are defined by
and
being the pitch that determines the layout, and n x and n y are the indexes of each hole in the pattern matrix.
Since we produce a colour simulation of the pattern this corresponds to a 3D matrix where the third dimension is interpreted as the intensity value of the red, green and blue layers respectively. Therefore the matrix of figure 2 (a) is made up of three equal layers of ones and zeros, simulating white light as a computer screen creates such a coloured light through equal portions of red, green and blue illumination.
The illumination matrix is thus,
The camera detector is another cell array but with a superimposed Bayer filter, ( fig. 2 (b) ). Depending on the size of the illuminating pattern and the distance to the camera, different proportions of the illuminating patterns will be projected onto this detector. Thus the size of the detector cell under each camera filter must vary to accurately simulate the distance from the patterned source,
with as the parameter determining the relative sizes and pitches in respect to the illuminating pattern size, which in our case was 0.458 of the grid pattern hole size at 25 mm and 0.583 at 35 mm. This means that between 45 % and 58 % of the total light intensity coming from a hexagonal 100 m shape will reach a single pixel. Since the matrices simulating these aspects contain integer number of elements, increasing the number of elements in the simulation allowed for a better approximation of the given proportions.
In order to create the Bayer checker pattern in fig. 2 (b) we write for the three filter channels, 
Accordingly, the Bayer image of the patterned source, ( fig. 2 (c) ), is simply the product of the array elements:
The final image rendered from the camera is the demosized version of B. Using a common processing technique [xxviii] a value for the one channel in the positions of the other channels pixels can be calculated, and considering the detail of the Bayer filter from figure 1 (c),
the final result of fig. 2 (d) is produced.
The calibration measurement performed with the motor-driven manipulator covered a distance along Z of 1 cm ranging from 25 mm to 35 mm, so as mentioned before this covered an range from 0.458 to 0.583. The model was validated along 11 points in this range.
Results and Discussion:
Visual comparison between the model and measured moiré patterns shows a very good agreement, figure 3. As the Cr mask moves further away from the camera the period of the moiré interference increases. For the coordination of the Cr mask layout (a closed packed 2D arrangement) the resulting moiré occurs on a preferential direction. Other mask layouts can create periodic patterns in both axes. The images have strong blue and red features, which essentially provide the same information, thus the evaluation of only one of these colours was necessary, and due to the periodic nature of the images we evaluated just the ½ period (henceforth called " ") value for each picture along "y", for the full length of the picture, and taking the average value of the intensity along the x-direction. Thus, we use from the blue channel to monitor Z, ( fig. 3  column 3 ).
The measured moiré images varied in size depending on Z, and in order to anchor the relationship with the modelled moiré images all measured images along A-A' are re-sampled to 1600 points, which also improves the accuracy in the determination of . After the final evaluation the values were then re-scaled back to the range measured in the images. Figure 4 shows the moiré response ( ) with Z in the studied range (25-35 mm), the best fitting to the experimental values (black line) and the modelled response (green line), which is within the 95 % confidence interval (red lines). Minor discrepancies with the experimental results can be attributed to refocusing during the measurement (that occurred at 32.5 mm) and the demosaicing method assumed for the model.
As can be observed in fig. 4 the response is not linear and accordingly the sensitivity varies along the Z range, with a maximum of 2.8 x 10 -3 pixels / m at 35 mm. The noise level (3 ) of a single experimental value evaluated over a collection of 10 acquisitions is, 0.37 pixels, however, the variability between different determinations, which in fact reflect the error of the manipulator used for the calibration, is about 3 times this value. Thus, considering the error of the moiré alone, the resolution varies between 570 m to 130 m between 25 and 35 mm respectively.
It has been shown elsewhere [xxix] that resolutions of fractions of microns are attainable with dedicated instruments. However, 130 m resolution is still an interesting and useful performance considering the employed resources. In fact, if the size of an imaged object was used to evaluate Z instead of the moiré, using the same camera, the minimum detectable displacement of 1 pixel would correspond to 1.45 mm in Z or about 11 times poorer than our method.
One practical use of distance measurement with our system resolution can be simply for positioning or as demonstrated in this case, by transducing weight into displacement to create a simple scale. The transduction coefficient will depend on the used springs and the performance as a balance will certainly depend on the quality of the assembly.
Ten measurements were performed from 3.1 mg (position A fig. 1 ) to 4.1 mg (position B fig. 1 ) in 100 g steps. Each weight produced a characteristic moiré pattern, which was evaluated through its' . The values of these 10 measurements are plotted in fig. 5 (x symbols) . These weights correspond to a 1700 m total displacement, a spring constant of 5.88 x 10 -4 mg / m, an average sensitivity of 1.54 pixels / mg and an average displacement resolution of 411 m. For the same error considered in the displacement measurements, the resulting resolution is 240 g.
The weights range of displacement is clearly outside the best sensitivity for the present arrangement (where a 130 m could give a 77 g resolution), and the quality of the construction, admits further improvement. However, a 240 g resolution is already a useful performance. Further, tuning the Cr mask, and spring constant can certainly produce wellconditioned and compact scales for varied weight ranges.
In the present arrangement the substance to be weighed must be transparent. This tough is just a peculiarity of the present setup, rather than a fundamental limitation of the concept. Where for example using reflecting elements or changing the design of the supporting cup could solve this limitation. These and more are aspects that we will certainly try to incorporate in future developments, especially for targeting the implementation on mobile phones, which is the natural evolution of this technique towards ubiquity.
Conclusions:
Displacement measurement via moiré interference, with a resolution of 130 m, was demonstrated on a CSPT platform using a regular web-camera as a detector. A working computer model of moiré pattern generation through spatial interference in the CSPT platform has been developed and validated providing the developer with a tool to optimize a grid/CCD setup prior to experimentation. Finally a weight to displacement transduction demonstrated the feasibility of the CSPT system as a ubiquitous scale with a 240 g resolution.
The results here show the feasibility to introduce physical sensing, by transducing an accurate displacement measurement, to the CSPT ubiquitous sensing platform, thus complementing this type instrumentation, which prior to this work has been exclusively used for chemical sensing experiments. Displacement measurements offer a generic principle to transduce diverse type of physical parameters, among them weight as shown here, but also flow, temperature and pressure are important candidates to complement ubiquitous chemical sensing experiments, which are compatible with the demonstrated concept.
